1 

AD-A032  493  PURDUE  UNIV  LAFAYETTE  IND  PROJECT  SQUID  HEADQUARTERS  F/G  20/5 

INVESTIGATION  TO  EXTEND  THE.  APPLICABILITY  OF  LASER  RAMAN  SCATTE — ETC(U) 
SEP  76  AC  ECKBRETH  N00014-75-C-1143 

UNCLASSIFIED  SQUID-TR-UTRC-3-PU  mi 


END 

DATE 

FILMED 

1 -77 


AD  A 0 82  4 


TECHNICAL  REPORT  UTRC-3-PU 

INVESTIGATION  TO  EXTEND  THE  APPLICABILITY  OF 
LASER  RAMAN  SCATTERING  DIAGNOSTIC 
TECHNIQUES  TO  PRACTICAL  COMBUSTION  SYSTEMS 

BY 

ALAN  C.  ECKBRETH 

UNITED  TECHNOLOGIES  RESEARCH  CENTER 
EAST  HARTFORD,  CONNECTICUT  06108 


PROJECT  SQUID  HEADQUARTERS 
THERMAL  SCIENCE  AND  PROPULSION  CENTER 

PURDUE  UNIVERSITY 
WEST  LAFAYETTE,  INDIANA  47907 


SEPTEMBER  1976 


D D C 

tprpm  nrgf] 

NOV  24  876 


Emm 

A 


Project  SQUID  is  a cooperative  program  of  basic  research  relating  to  Jet  Propul- 
sion. It  is  sponsored  by  the  Office  of  Naval  Research  and  is  administered  by 
Purdue  University  through  Contract  N00014-75-C-1143,  NR-098-038. 


This  document  has  been  approved  for  public  release  and  sale; 
its  distribution  is  unlimited. 


1 


R76-952296-3 

Technical  Report  UTRC-3-PU 

P R 0 J E T C SQUID 

A COOPERATIVE  PROGRAM  OF  FUNDAMENTAL  RESEARCH 
AS  RELATED  TO  JET  PROPULSION 
OFFICE  OF  NAVAL  RESEARCH,  DEPARTMENT  OF  THE  NAVY 

CONTRACT  NOOOI 4-75-C1 143,  NR-098-038 


INVESTIGATION  TO  EXTEND  THE  APPLICABILITY  OF 
LASER  RAMAN  SCATTERING  DIAGNOSTIC 
TECHNIQUES  TO  PRACTICAL  COMBUSTION  SYSTEMS 


by 

ALAN  C.  ECKBRETH 

UNITED  TECHNOLOGIES  RESEARCH  CENTER 
EAST  HARTFORD,  CONNECTICUT  06108 


SEPTEMBER  1976 


PROJECT  SQUID  HEADQUARTERS 
CHAFFEE  HALL 
PURDUE  UNIVERSITY 
WEST  LAFAYETTE,  INDIANA 


1 iCCOSW  w 

»7?t 

see 

l'.  1 « 

Win  Heim  BT' 

Su«  Sfstm  'n 
0 

i 

I 

l 

\ p 

i 1 ' M 

M’tlWSIUTt  CWB 

1;  i ~ t.\ 

•'ill.  i.'.i-or 

This  document  has  been  approved  for  public  release  and  sale; 
its  distribution  is  unlimited. 


_ — 


INVESTIGATION  TO  EXTEND  THE  APPLICABILITY  OF  LASER  RAMAN 
SCATTERING  DIAGNOSTIC  TECHNIQUES  TO  PRACTICAL  COMBUSTION  SYSTEMS 


United  Technologies  Research  Center 
East  Hartford,  Connecticut  06 108 
Contract  8960-20 

Alan  C.  Eckbreth,  Principal  Investigator 
Introduction 

With  the  development  of  high  power,  visible  laser  sources,  Raman  scattering 
techniques  have  received  considerable  attention  for  combustion  diagnostics  In  the 
past  several  years.  Laser  Raman  approaches  have  been  advanced  to  the  point  where 
they  are  now  being  routinely  employed  in  a variety  of  fundamental  flame  investi- 
gations. However,  widespread  application  of  laser  Raman  techniques  to  practical 
combustion  devices  such  as  gas  turbines,  hydrocarbon  combustors,  furnaces,  etc., 
is  yet  to  be  achieved.  From  an  instrumentation  standpoint,  practical  devices 
contain  flames  which  differ  markedly  from  those  typically  employed  in  fundamental 
laboratory  studies.  Environments  of  practical  interest  contain  flames  which  are 
generally  turbulent,  high  luminous  and  particulate  laden.  The  high  luminosity 
levels  preclude  the  use  of  cw  laser  soux'ces  for  Raman  work  in  these  environments. 

Pulsed  laser  sources  aie  required  to  produce  peak  Raman  powers  comparable  to  or 
preferably  in  excess  of  the  background  luminous  power.  In  some  instances,  low  S/N 
ratios  are  encountered  even  with  pulsed  lasers.  In  situations  where  the  background 

•1 

luminosity  is  tolerablf  , the  pulsed  laser-particulate  interaction  can  lead  to  a 
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variety  of  laser-particulate  interaction  "noise"  effects  which  can  adversely 
affect  the  successful  application  of  laser  Raman  techniques.  In  laser  Raman 
thermometry  experiments  at  UTRC,  successful  Raman  measurements  in  a hydrocarbon- 
fueled  model  combustor  were,  in  one  case,  precluded  by  laser  modulated  particu- 
late incandescence.  Particles  (e.g.,  soot)  in  the  measurement  volume,  which  at 
high  stream  temperatures  are  already  incandescent  and  contribute  significantly 
to  the  total  luminous  emission,  absorb  the  incident  Raman- indue ing  laser  radiation, 
heat  to  temperatures  far  above  ambient,  and  emit  greatly  increased  amounts  of 
gray/blackbody  radiation  which  can  exceed  the  sought-for  Raman  signal  levels. 

Under  Project  SQUID  sponsorship,  this  problem  and  potential  solutions  have  been 
experimentally  investigated  under  controlled  laboratory  conditions.  Details  of 
these  studies  will  soon  be  available  in  a Project  SQUID  technical  report  (Ref.  l) . 

Discussion 

Detailed  analyses  (Ref.  2)  of  laser  irradiated  particle  heating  have  been 
made  in  an  effort  to  obtain  a better  physical  understanding  of  this  phenomena  and 
to  seek  solutions  to  laser  induced  or  modulated  incandescence  "noise”  effects. 

In  general,  these  analyses  display  the  inadequacy  of  the  various  heat  transfer 
processes  from  preventing  the  surface  temperature  from  rising  appreciably  above 
the  initial  level,  particularly  for  larger  particle  sizes,  i.e.,  ^ .lp,  and  higher 
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focal  flux  values,  i.e.,  above  lCr  W/cm  . Due  to  this  inadequacy,  the  particle 
surface  temperature  tends  to  follow  the  laser  pulse  envelope  exhibiting  little 
phase  behavior  which  could  be  exploited  for  noise  suppression.  Despite  the  high 
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surface  temperature  produced,  the  analysis  predicts  a relatively  weak  dependence 
of  surface  temperature  on  focal  flux.  Thus,  even  though  the  surface  temperature 
and  the  incandescence  rises  with  increasing  focal  flux,  the  incandescent  noise 
does  not  increase  as  rapidly  as  the  Raman  signal,  and  S/N  improvements  are  pre- 
dicted with  increasing  levels  of  focal  flux. 

Experimental  Laser  Irradiated  Particle  Noise  Studies  This  aspect  of  the  investi- 
gation addressed  the  validity  of  foregoing  analysis.  Initially  laser  induced 
particulate  noise  was  studied  by  irradiating  singly  suspended  5m-  diameter  particles. 
Early  results,  including  the  presence  of  laser  induced  Cn  Swan  emission  in  addition 
to  incandescence,  were  summarized  previously  (Ref.  3)-  One  important  point  worth 
reemphasizing  concerns  the  distinction  between  alumina  and  carbon  (soot)  parti- 
culates which  has  been  experimentally  verified.  Unlike  soot  particles,  AlgO^ 
possesses  an  extremely  low  absorption  cross  section,  which  varies  from  four  to 
five  orders  of  magnitude  less  than  its  geometric  cross  section  (Ref.  4)  depending 
on  particle  size  and  wavelength.  Consequently,  very  little  incident  laser  energy 
is  adsorbed  by  an  alumina  particle  resulting  in  very  little  heating  and,  hence, 
very  littl-  laser  induced  radiative  noise.  Hence,  Al^O^  would  be  an  excellent 
seed  for  LDV  work  permitting  simultaneous  LDV  and  laser  Raman  studies. 

Particle  size  measurements  in  the  UTRC  test  combustor  (Ref.  5)  using  a Mie 
scattering  technique  indicated  an  average  particle  size  of  400  $ (0.04u).  Conse- 
quently, subsequent  testing  focussed  on  laser  induced  particulate  noise  produced 
by  laminar  propane  diffusion  flames  whose  soot  sizes  were  known  to  be  in  this 
ran.  • . Laser  induced  particulate  radiation  was  monitored  as  a function  of  energy 
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and  focal  flux  employing  a two  channel  Raman  spectrometer  (Ref.  2).  For  these 
studies,  the  spectrometer  functioned  as  a two  color  pyrometer  (5230,  6864  /.)  and 
was  calibrated  against  a tungsten  filament  as  known  temperature.  Laser  heated 
particulate  temperatures,  determined  in  the  above  manner,  as  a function  of  focal 
flux  level  exhibited  fairly  good  agreement  with  the  analytical  model  (Ref.  2). 

The  particulate  temperatures  varied  from  approximately  3500°K  to  4500°K  over  a 
flux  range  from  lCr  to  10°  W/cm  . Quite  importantly,  the  absolute  noise  level 
after  increasing  initially  with  laser  energy,  leveled  off  and  became  nearly 
independent  of  energy  for  laser  energies  in  excess  of  about  60  mJ.  This  results 
essentially  from  the  saturable  behavior  of  the  laser  heated  particle  surface 
temperature  with  increasing  focal  flux.  The  laser  induced  particulate  noise  also 
decreased  with  decreasing  focal  length  due  to  the  decrease  in  the  number  of 
particles  being  irradiated.  From  this  data,  a signal  to  noise  improvement  of 
several  hundred  was  extrapolated  for  flux  increases  from  2(l0'))  W/cm2  to  10^  W/cnf  . 
Operation  beyond  this  flux  level  may  be  problematical  due  to  gas  breakdown.  These 
results  clearly  indicate  the  value  of  operating  at  the  highest  possible  focal  flux 
level  in  particulate  laden  environments.  Operation  at  these  flux  levels  can  lead 
to  other  problems,  however,  such  as  optical  damage  in  and  fluorescence  from  window 
ports,  both  of  which  have  been  experimentally  encountered. 

Signal  Averaging  Considerations  In  Ref.  6,  the  consequences  of  time  averaging 
Raman  data  generated  by  a cw  laser  from  a turbulent  medium  were  examined.  In  an 
analogous  fashion,  an  analysis  of  ensemble  averaging  pulsed  Raman  data  in  a 


fluctuating  medium  was  performed.  Tht  analysis  can  handle  such  effects  as  laser 
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- nergy  variations  and  shot  noise  fluctuations  and  treats  among  other  items,  the 
ease  where  "noise"  is  sampled  and  subtracted  from  a "signal"  channel.  The  analysis, 
demonstrated  that  when  Raman  data  are  averaged,  background  can  be  subtracted  on 
average  and  shot  noise  terns  average  to  zero.  However,  temperature  inferred  from 
the  ratio  of  separately  average  band  intensities  will  not  be  the  average  tempera- 
ture but  will  depart  from  the  true  average  depending  on  the  magnitude  and  corre- 
lation of  the  fluctuations.  Furthermore,  in  measurement  situations  where  the 
band  intensity  ratio  at  any  instant  cannot  be  determined  accurately  (due  to  shot 
noise  effects,  including  those  arising  during  subtraction),  the  average  of  these 
separate  erroneous  temperature  measurements  will  not  yield  the  true  average 
temp>  rature . 

Seeded  Flame  Temperature  Measurements  A CH^  diffusion  flame  sustained  in  the 
•ent<  r of  a 7*6  cm  dia.  premixed  flat  flams'  burner  was  employed  to  introduce 
controlled  amounts  of  laser  induced  particulate  noise  into  a Raman  temperature 
measurement  experiment.  A four  channel  Raman  spectrometer  consisting  of  two 
signal  and  two  noise  channels,  the  latter  located  in  spectral  regions  just  adjacent 
to  the  Raman  bands,  was  used  to  demonstrate  noise  sampling  and  subtraction.  Due 
to  shot  noise  fluctuations,  good  subtraction  is  not  obtainable  with  each  pulse, 
but  only  on  average  over  a large  number  of  pulses  depending  on  the  photon  levels 
involved.  By  adjusting  the  noise  channel  photomultipliers  in  ten  volt  increments 
good  subtraction  was  obtained  on  average  with  the  dye  laser  so  tuned  that  all 
four  channels  "saw"  only  noise.  By  appropriate  tuning  of  the  laser,  the  Raman 


bands  we re  placed  within  the  signal  bandpasses  and  observed  with  the  noise  subtracted 
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out . Tlu-se  signals  were  compared  with  Raman  data  with  the  seed  flame  extinguished 
and  agit ed  quite  well  since  the  introduction  of  the  seed  flame  constituted  only 
a small  perturbation  on  the  burner  temperature  profile.  Thus  noise  sampling  and 
subtraction  is  a viable  approach  for  Raman  measurements  in  noisy  media  subject 
to  potential  errors  arising  from  signal  averaging  in  unsteady  environments. 
done lus ions  and  it  commendations  It  is  difficult  to  be  categorical  in  regal’d  to 
the  utility  of  spontaneous  Raman  scattering  for  practical  combustion  diagnostics 
since  conditions  can  vary  widely  from  device  to  device  and  within  a given  device 
depending  on  location  and  operating  parameters.  Based  upon  our  studies,  primary 
zone  diagnostics  in  a diffusion  flame  apparatus  operating  on  hydrocarbon  fuels 
appears  highly  doubtful  based  upon  both  background  luminosity  considerations  and 
laser  induced  particulate  noise  effects.  Secondary  and  exhaust  region  probing 
may  be  possible  (Ref.  7)  since  l'-iminosity  levels  tend  to  be  lower,  but  particulate 
effects  could  be  problematical  if  the  particles  are  in  sufficient  quantity  or 
size.  High  focal  flux  levels  appear  optimal  for  enhancing  Raman  S/N  in  regard 
to  laser  induced  particulate  noise  but  may  lead  to  problems  with  window  breakdown 
and  fluorescence.  The  latter  may  be  sufficiently  strong  to  preclude  the  use  of 
preferred  background  luminosity  suppression  geometries.  Noise  sampling  and 
subtraction  is  feasible  as  has  been  demonstrated.  However,  shot  noise  effects 
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dictate  that  Raman  data  be  separately  averaged  to  permit  accurate  determination 
of  average  signal  levels.  Ensemble  averaging,  however,  leads  to  band  intensity 
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but.  on  average  density  and  011  the  magnitude  and  correlations  of  fluctuations  in 
density  and  temperature.  These  effects  may  result  in  large  measurement  errors 
rendering  the  extracted  Raman  data  of  little  utility.  Based  on  this  perception 
of  the  situation,  we  believe  spontaneous  Raman  scattering  to  be  of  limited  utility 
for  many  practical  applications.  However,  due  to  its  relative  simplicity  and 
high  level  of  present  day  understanding  it  certainly  merits  first  consideration 
in  environments  where  the  aforementioned  noise  effects  are  not  overwhelming. 

For  most  practical  applications,  the  feasibility  of  stronger  Raman  processes 
such  as  CARS  (coherent  anti-Stokes  Raman  scattering)  or  near-resonant  Raman 
scattering  needs  to  be  investigated.  In  particular  CARS  has  shown  great  potential 
to  date  but  is  not  without  problems  due  to  its  sophistication.  It  is  not  completely 
clear  at  this  point  what  the  impact  of  practical  device  characteristics  such  as 
high  turbulence  and  particulate  levels  will  be  on  CARS  generation.  In  particular 
since  nonresonant  susceptibility  contributions  are  often  problematical  in  CARS 
experiments,  potential  particulate  (soot)  noise  effects  should  be  examined  in  a 
controlled  manner. 

References 

1.  Eckbreth,  A.  C.:  "Investigation  to  Extend  the  Applicability  of  Laser  Raman 

Scattering  Diagnostic  Techniques  to  Practical  Combustion  Systems,"  Project 
SCJJID  Technical  Report,  United  Technologies  Research  Center  Report  R76-952296-2, 
September  30,  197&. 

2.  Eckbreth,  A.  C.:  "Laser  Raman  Thermometry  Experiments  in  Simulated  Combustor 

Environments,"  AIAA  Paper  No.  76-27,  AIAA  lUth  Aerospace  Sciences  Meeting, 
Washington,  D.C.,  January  197 6. 


I 


R7<  -952  96-3 


3.  Eokbreth,  A.  C.:  "Investigation  to  Extend  the  Applicability  of  Laser  Hainan 

Scattering  Diagnostic  Techniques  to  Practical  Combustion  Systems,"  Project 
SQUID  Semi-Annual  Progress  Report,  March  1976. 

4.  Plass,  G.  N. : "Mie  Scattering  and  Absorption  Cross  Sections  for  Aluminum 

Oxide  and  Magnesium  Oxide,"  Appl.  Opt.  Vol.  3,  PP-  867-872,  July  1964. 

9.  Bonczyk,  P.  A.:  United  Technologies  Research  Center,  unpublished  data. 

6.  Setehell,  R.  H.:  "Time  Averaged  Measurements  in  Turbulent  Flames  Using 

Raman  Spectroscopy,"  AIAA  Paper  76-28,  l4th  Aerospace  Sciences  Meeting, 
Washington,  D.C.,  January  1976. 

7-  Leonard,  D.  A.:  "Field  Tests  of  a Laser  Raman  Measurement  System  for 

Aircraft  Engine  Exhaust  Emissions,"  Technical  Report  AFAPL-TR-74-100, 
October  1974. 


Unclassified 

SECURITY  CLASSIFICATION  OF  This  PAGE  Dele  Enter'd) 


REPORT  DOCUMENTATION  PAGE 

1 REPORT  NUMBER  12.  GOV' 

R76 -952296 -3  ^ I 

4 TITLE  'and  Subtitle)  . 


3Arc  READ  INSTRUCT!*  > 

AVjC BEFORE  COMPLETING  FORM  J 

2 GOVT  ACCESSION  NO  i i.  4<£*C|P  ' NT'S  CATALOG  NUMBER 


4<£C  1 P 1 • 

7) 


INVESTIGATION  TO  EXTEND  THE  APPLICABILITY  OF  J— ' ' ' 

LASER  RAMAN  SCATTERING  DIAGNOSTIC  TECHNIQUES  1^ 


«»t  »*  « PtHiOD  COVERED 

nnual  Xermftt  / ^ 


TO  PRACTICAL  COMBUSTION  SYSTEMS  * 


PERFORMING  ORGANIZATION  NAME  AND  ADORE: 

United  Technologies  Research  Center 
Silver  Lane 

East  Hartford,  CT  06108 


CONTROLLING  i/FFlCE  NAME  AND  ADDRESS 

Project  SQUID  — 

Purdue  University 

West  Lafayette,  IN  47902 


a CONTRACT  OR  grant  kumbehgj 

8960-20 


September  4L3,  W 

"tt" "Number  of  pages 

9 


14  MONITORING  AGENCY  NAME  » ADORESSfV  dlllerenl  1 rom  Controlling  Olllce) 

<6)UXP-T/?-W«c-3-l 

pu  1 

Unc lassified 


IS*.  DECLASSIFICATION  OOFN'.F 
SCHEDULE 


1 - . i 


Approved  icr  public  releooaj 
IMstribufion  !,aLuxi:t.?d 


DISTRIBUTION  STATEMENT  ( oi  the  *6*fr*cl  entered  In  Block  20.  II  dlllerenl  Iron,  Report) 

'unlimited 


IS  supplementary  notes 


19  key  WORDS  f Continue  on  revere#  aida  U nacaaeary  and  idantlfy  by  block  number) 

Laser  Raman  Scattering  Diagnostics,  Remote  Combustion  Diagnostics, 

Laser  Modulated  Particulate  Incandescence,  Laser-Particulate  Interaction 


20  ABSTRACT  (Continue  art  revere#  e/de  It  necaaawy  and  Idantity  by  block  numbar) 

‘Laser  Raman  scattering,,  diagnostic  techniques  may  be  precluded  from  application 
to  practical  combustion  devices  due  to  a variety  of  laser-particulate  (soot) 
interaction  "Yioise"^ effects.  Under  the  subject  contract  the  laser  particulate 
interaction  has  been  studied  in  some  detail.  Laser  induced  particulate  tem- 
peratures have  been  measured  as  a function  of  laser  flux  and  are  found  to 
agree  fairly  well  with  an  analytical  model.  The  scaling  of  the  absolute  noise 


DO  , 1473 


EDITION  OF  I NOV  6S  IS  OBSOLETE 
S/N  0 103-014-  6601  ! 


Unclassified 

s E CUNITY  CLASSIFICATION  OF  THIS  PAGE  (-Whan  Dmle  Knt eredi 


? j n?  £ 7 A 


Unclassified 

...mHITV  CLASSIFICATION  OF  This  PAGErH-h.fi  Dele  Entered) 

20. 

^ has  been  studied  and  the  noise  has  been  found  to  saturate  with  increasing 
laser  energy  and  decrease  with  decreasing  focal  length  lenses.  The  effect  of 
signal  averaging  pulsed  Raman  data  obtained  in  an  unsteady  medium  has  been 
analyzed.  Averaged  Raman  data  is  shown  to  depend  not  only  on  average  tem- 
perature but  on  the  magnitudes  and  correlations  of  medium  fluctuations  in 
density  and  temperature.  Noise  sampling  and  subtraction  have  been  shown  to 
be  feasible  and  a temperature  measurement  demonstration  was  performed  on  a 
soot  seeded  laboratory  burner  using  the  above  approach. 

* 


Unclass  if ied 


k 


SECURITY  CLASSIFICATION  OF  THIS  PAGEfWUm  Oaf*  Enlaratf.) 


